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The photoionization and photoelectron spectroscopy of pure He droplets were investigated at photon energies
between 24.6 eV (the ionization energy of He) and 28.0 eV. Time-of-flight mass spectra and photoelectron
images were obtained at a series of molecular beam source temperatures and pressures to assess the effect of
droplet size on the photoionization dynamics. At source temperatures below 16 K, where there is significant
production of clusters with more than“toms, the photoelectron images are dominated by fast electrons
produced via direct ionization, with a small contribution from very slow electrons with kinetic energies below

1 meV arising from an indirect mechanism. The fast photoelectrons from the droplets have as much as 0.5
eV more kinetic energy than those from atomic He at the same photon energy. This result is interpreted and
simulated within the context of a “dimer model”, in which one assumes vertical ionization from two nearest-
neighbor He atoms to the attractive region of the Hgotential energy curve. Possible mechanisms for the
slow electrons, which were also seen at energies below IE(He), are discussed, including vibrational autoionizaton
of Rydberg states comprising an electron weakly bound to the surface of a lagecote.

1. Introduction energy or the vertical ionization energy of the nascent cluster.
In helium droplets, both electron impact ionization and photo-
ionization lead to extensive fragmentation of the cluster, with
the resulting cluster ion distributions only weakly dependent

This paper presents a study of the photoionization of pure
helium droplets above the ionization energy of atomic helium.
It is m_otivateql b_y a desire to understand the_energetics_andOn the initial droplet sizé?
dynamics of ionization and electron escape in pure helium Thouah th N iting f lect . t
droplets and, by extension, the differences between ionization. . oug € mass spectra resuiing from €lectron impac
in pure and doped helium droplets. Photoelectron imaging and !on!zat!on and .phot0|on|zz?1t|o.n. of droplets are similar, photo-
photoionization time-of-flight mass spectrometry are combined !onlzat{or) prowd{es two S|gn|f!cant advantages over {electron
to examine ionization processes in helium droplets. The two Impact: it deposns a well-defined amount of energy into the
measurements, taken over a wide range of droplet sizes, providedroplets, and it creates a photoelectron. In photoionization, the

new insight into the complex ionization phenomena that occur g't'a(; abso_rptl_o? ta}ﬁﬁ pI_aC(_e utr_1der_ th;. aetgls gfttr:]e Flrartmk
within helium droplets. ondon principle. e ionization is direct and the electron

There have been numerous investigations on the eIeC,[ronescapes without strong subsequent interactions, the photoelectron

impact—8 and photoionizatiotr’2 of pure and doped helium spectrum explicitly contains information about the initial state

droplets in which ion mass spectrometry was used as theof the neutral cluster and the nascent ion. If the ionization is
pie SP y indirect, the electron kinetic energy may be decoupled from the
detection method. An essential feature common to rare gas.

. . . . initial excitation and the electron energy and angular distribu-
clusters, especially helium, is that the neutral species are only.. o - " .
. . tions madified, with both measurements sensitive to the interac-
weakly bound, at long range, by van der Waals interactions,

while the cationic systems are strongly bound by covalent tion between the droplet atoms and the escaping electron.

interactions, and have greatly reduced equilibrium bond dis- ©OUr group® previously used photoelectron imaging to
tances. As a result, the cation, when formed, is highly vibra- €xamine the photoionization of pure helium droplets below the

tionally excited, typically with>1 eV of internal energy. The ~ atomic helium ionization energy, IE(He) 24.59 eV. We found
relaxation of vibrational energy within the cluster leads to that ionization was the result of an indirect autoionization
fragmentation. The presence or absence of any particular ionProcess and that the emitted electrons had very little kinetic
in the mass spectra is then related to many factors, but more€neray. typically<1 meV, for photon energies ranging from
often reflects the fragmentation dynamics of the cluster and the 23-0 t0 24.5 eV. Although no definitive energy loss mechanism
relative stability of daughter ions rather than the initial state of Was assigned, it appeared that the emitted electron interacted
the cluster. The appearance energy of the fragment ions alsostrongly with the helium environment before escape. This result

does not necessarily correlate with either the adiabatic ionization contrasted markedly with later experiments on doped helium
droplets. Multiphoton ionization experiments by Radcliffe et

al'* on silver clusters inside helium droplets showed fast
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MCP droplet beam then passed through a 1.5 mm skimmer and
entered a differential region, which can also be used as a pickup
region for doping the droplef§:11After leaving the differential
region througp a 2 mmskimmer, the droplet beam entered the
main chamber and was ionized with VUV synchrotron undulator
¢ N, shields radiation. The bandwidth of the VUV light used wa85 meV

and the flux was~10'3 photonss™2.

Two different detector assemblies were used: one for
photoions and one for photoelectrons. lon time-of-flight mass
spectrometry (TOF-MS) was performed using a 0.6 m Wiley
McLarer?! time-of-flight mass spectrometer and a pair of 40
mm MCPs coupled to a conical anode. The ion counts were
recorded using a multichannel scaler (Fast Comtec P7886, 500
ps time resolution). For the ion time-of-flight measurements,
the pseudocontinuous synchrotron radiation was modulated by
a patterned chopper wheel rotating at 600'MZhe resultant
mass spectra had a resolutionrofAm > 400 and could be
collected at a repetition rate of 20 kHz. Photoelectron imaging

PMT was carried out using a standard velocity-mapped lens sy&tem
_Fig_ure 1. Schematic of the helium machine with main components \yhere the electrons were detected with a pair of 80 mm MCPs
indicated. coupled to a phosphor screen, imaged with a 12 bit, 1 megapixel
digital camera (DALSA 1M30), and integrated using a com-
droplet, finding photoelectrons that were both faster and slower puter. The Image 1s a two-dlmen3|onal prOchtlon of the threg-
dimensional nascent photoelectron distribution. Electron kinetic

than those seen from bare aniline. However, despite a broaden KE d lar distributi btained f th
ing of the peaks in the photoelectron spectra, and some slowENergy (eKE) and angular distributions were obtained from the

photoelectrons, most electrons appeared to escape without stronHnages using standard methdds:
retardation from the cluster. The photoelectron kinetic energy
was directly coupled to the incoming photon energy in both 3. Results
experiments-excess energy deposited in the excitation led to  Figure 2a shows time-of-flight mass spectra (TOF-MS) as a
faster photoelectrons. In the multiphoton experiments, the energyfunction of source temperature following 25 eV photoexcitation.
of a single photon, and even of the multiple photons used for For display purposes, the ordinate intensity is in units of
dopant ionization, is below that of any possible electronically /counts. In these spectra, peaks from the residual gas in the
excited state in the cluster. The droplet is completely transparent,ionization chamber are seenABi[18], N [28], O, [32]) and
and the ionization of the dopant is direct. Nevertheless, neither | pe ignored. The mass range recorded for most of the TOF-
optical transparency of the droplet nor direct dopant ionization pjs was 6-600 amu, but no resolvable signal was seen above
appears necessary for the emission of fast electrons: a similar_400 amu. Measurements extending to 1600 amu showed no
result was seen in the single photon ionization of 8fside additional detectable He-dependent features. In all the spectra,
helium droplets? Here, the droplet absorbed the photon, and 555 4, H, is the strongest signal. At source temperatures
ionization was mediated by the droplet, yet the photoelectron ygiow 20 K, the next largest He-related signal isHenass 8,
spectra were relatively unperturbed from those of bar¢ SF \yhich is then followed by a series of peaks of mass the

The above results on doped droplets have led us to reinves-yg + clyster ions. The peak at mass 56,,ie attributed to a
tigate pure droplets over a wider photon energy range, particu- complete solvation shell surrounding a #eion core? is
larly above the ionization potential of atomic He, using stronger than the surrounding Hefeatures. All of the helium
photoelectron imaging. Above IE(He), the new experiments yyqplet spectra show additional modal structure in thg'Hen
show fast, blue-shifted electrons attributed to direct ionization gstriputions, but this will not be discussed in detail (see Figure
and very slow electrons, similar to those seen previously from 2p) For all source temperatures belev20 K, the integrated
indirect ionizationt3 The production of both types of electrons intensity of the Hg" peaks forn = 2, which can only come
is strongly correlated with changes in the droplet size distribu- om helium clusters, is larger than that of the helium atom peak,

tion, which aids in understanding the microscopic dynamics ang indicates clear contributions from the droplets in our
responsible for the disparate electron kinetic energies. experiment.

Differential Region

RGA

lonization
Region Source
Region

images from multiphoton ionization of aniline inside a helium

The relative intensities of the IHe peaks change markedly
with temperature. Initially, as the temperature is dropped, the
The experiments were carried out on the Chemical Dynamics intensity of all the Hg" ions increases, with the region between

Beamline at the Advanced Light SourkeA schematic of the 16 and 18 K showing a maximal signal for nearly all of the
instrument is shown in Figure 1. Most of the experimental He," peaks. With further decreases in temperature, the smaller
apparatus has been described in detail elsewféreontinuous He ™ peak intensities change very little, while the higherHe

He droplet beam was produced by expanding 60 bar of helium peaks drop rapidly. Measurements with a small quadrupole mass
gas through a wm aperture at source temperaturég from spectrometer (SRS RGA 200) show similar behavior. These
11 to 50 K. This temperature range allowed us to access twotrends were also seen in earlier measurements of Buchenau et
different expansion regim&2° and greatly vary the average al.l” with electron impact ionization and could be inferred from
cluster size: with subcritical expansion conditions the cluster the photoionization work of Fidhtenicht? In our experiments,
size varied from 1 atom to fGatoms, while under critical at source temperatures of 16 K, the ratio of counts oftHe
expansion conditions (below16 K at 60 bar, see below) much = 10-100, to that of Hg", n = 1, 2, was a few times larger
larger droplets are produced, from“1l® >10° atoms. The than at 13 K, as can be seen more clearly in the linear intensity

2. Experimental Section
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Figure 2. (a) TOF-MS illustrating trends for different source temper-
atures (average droplet sizes). The scale for the ordinate is in units of
counts. (b) Representative TOF-MS for droplets formed with source

temperatures of 16 and 13 K following 25 eV photoexcitation.

()

plot in Figure 2b. Looking at a specific surrogate, the;Fie

He," ratio was~10 times larger at 16 K than at 13 K. The
changes in ratios are mainly due to a sharp decrease in the larger
He,* ions, with minor contributions from changes in Hand

He,™. The total recorded ion signal varied by at most a factor
of 3 as a function of temperature between 12 and 20 K, and
was maximal at temperatures between 16 and 18 K.

Figure 3 shows raw photoelectron images following 25.0 eV
(25.02 actual energy) excitation as a function of source
temperature. Images taken at other energies (from IEHe)
24.59 to 28.0 eV) show similar features. In particular, there were
no appreciable changes in the images or resultant photoelectron
distributions near 25.7 eV, the energy required to create a free 15.75 K 13 K
electron in bulk liquid heliunt® (The conduction band of an  Figyre 3. Photoelectron images of helium beam at 25.0 eV photon
electron in liquid helium is~1 eV greater than that in vacuum  energy with indicated source temperatures. In all of the images the
because of the strong Pauli repulsion between the free electrorlight is linearly polarized, and parallel to the long axis of the figure.
and the 13electrons on the helium ator3.In all of the images,
the VUV radiation was linearly polarized, with the polarization the equator. The atomic ion also has no available excited states
axis matching the long axis of the figure. at these photon energies, so the electron kinetic energy (eKE)

The first image, taken at a nozzle temperature>@0 K, distribution is nominally a delta function.
where no droplets are expected, shows the particularly pro- As the source temperature is lowered and helium clusters
nounced simple structure expected from the ionization of atomic begin to be produced, there is little change in the images. Further
helium. The ground state neutral helium atom has an electrondecreases in temperature, t016.25 K, result in the first
configuration of 13 and single photon ionization with linearly ~ noticeable new features. A faint center feature can be seen, and
polarized light can only lead to pure p-wave emission. As a the image begins to show intensity at the equator. Between 16
result, the image is strongly anisotropic, with no intensity at and 15.5 K, the images change markedly, with a prominent halo

=
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Figure 4. Total electron yield (TEY) as a function of source
temperature.

appearing around the atomic signal, extending to larger radii.
In regions where there previously was very little or no intensity, b
there are now photoelectrons. There is considerable broadening
of the outer feature, and modifications are seen throughout. The
presence of equatorial intensity reduces the overall anisotropy
of the image. The faint center feature seen at 16 K grows in
strength as well. With additional decreases in temperature, the
new features become more pronounced—1% K) before
seemingly stabilizing (1413 K). Other images (not shown)
taken with temperatures down to 11 K, the lowest stable
temperature maintained by our source at 60 bar backing pressure,
are nearly identical to those at 13 K.

For display purposes, the images in Figure 3 are scaled
independently; a plot of the integrated intensities of the raw T N D T e e
images (total electron yield [TEY]) is shown in Figure 4. The 030 035 040 045 050 0.55 0.60
total signal decreases slowly as the temperature is dropped, eKE/eV
followed by a steep rise beginning near 16 K and plateauing
near 14 K. The average total intensity of images taken between o
13 and 14 K is about 6 times greater than for those taken
between 16 and 18 K. This is in stark contrast with the integrated
TOF-MS, which showed much smaller changes in intensity
between the warm (3620 K) and cold (below 14 K) source
conditions, and near maximal total signal between 18 and 16
K. Also shown in Figure 4 is the total integrated image intensity
at~45 bar source pressure (scaled for display). It has the same
behavior as the 60 bar data, but is shifted .8 K toward
lower temperatures.

The eKE distributions derived from the images in Figure 3
are shown in Figure 5a with zooms of the distributions shown
in Figure 5b,c. The photon energy was 25.02 eV, so for atomic
helium (the>30 K image) we expect a single feature, a sharp —
peak at~0.43 eV €, — IE(He)). The width of this peak-50 0 1 2 3 4 5
meV fwhm, is a reflection of the bandwidth of the light (larger eKE/meV
contribution) and blurring in the electron imaging system rigyre 5. Photoelectron kinetic energy distributions following 25.0
(smaller contribution). With decreasing temperatures, the peakeV photoionization of helium beam with indicated source temperatures.
initially broadens, and an asymmetrical shading appears on the(a) Entire distribution; (b) area near the peak; (c) lowest kinetic energy
sharp peak. Photoelectrons are now seen with both higher andelectrons.
lower energies than those from atomic helium. Though elements
of these features can be seen at all droplet-forming temperatures0f the shoulder, it appears the “peak” of the shoulder is shifted
they grow strongly when the source temperature drops below ~70 meV toward faster photoelectrons when compared with
16 K. At the lowest temperature, the once sharp peak has athe atomic peak. From the total intensity measurements, the
prominent shoulder toward higher eKE, and a smoother, weakerimages, and the eKE distributions, we can estimate the cluster
tail toward lower energy. As mentioned previously, images taken contribution by subtracting an appropriately scaled atomic image
at different photon energies give distributions with similar from the cluster images; with this procedure, the contribution
shapes, but are offset by the change in excitation energy. Theto the total photoelectron image that is “clusterlike” in nature
escaping electrons, and hence the ionization itself process, thuds less than 20% of the total signal at 17.5 K, 50% at 16 K, and
appear directly coupled to the photoexcitation. Looking closer more than 90% at 14 K.
at the energetics, the high-energy electrons exteneDt® eV, Focusing on the very low energy portion of the eKE
about 0.5 eV beyond those from atomic helium. From the shapedistributions, shown in Figure 5c, we see a sharp peak that grows

normalized intensity

normalized intensity
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a - — T Iat(;mlﬁl=2lol ] while the atomic imag_e is described by a single anisotropy

Ly CAD Ztrf:)m]et droplet ﬁ=0:7 E parameter, the droplet images are not; the electron angular and
3 P e kinetic energy distributions are coupled. Figure 6b shows the

anisotropy parameter as a function of electron kinetic energy

for the 14 K image. In the droplet image, the overall intensity
and anisotropy are highest at electron kinetic energies corre-
sponding to that of the atomic helium signal, but the maximal
value for the anisotropy is significantly lowe#,= 1.0. As one
goes to either higher or lower energy photoelectrons, the images
become less anisotropic, with the slowest electrons being
essentially isotropic.

normalized intensity

4. Discussion

The photoelectron images and resultant spectra of the pure
b 1of ' T e droplets show two distinct channels of electron emission. The
major channel is the emission of “fast” electrons that are seen

081 b with kinetic energies up to 0.5 eV greater than those expected
06 L ] from the ionization of atomic helium. These fast electrons have
- energies that are directly coupled to the incoming photon energy.
04 1 The minor channel is the emission of isotropic, very low kinetic
02 energy electrons, for which the eKE distribution has no apparent

dependence on the incoming photon energy. The vastly different
00 L ] kinetic energies, angular distributions, and dependence on
L I A T SR I excitation energy of the two electron channels lead us to
00 02 04 06 08 10 12 postulate distinct microscopic dynamics for their production.
eKE/eV Yet, interestingly, the intensities of both channels, as well as
Figure 6. (a) Angular distributions derived from the 14 K image)( the total electron yield, are strongly coupled to changes in the
and the>30 K image (). Panel b shows the anisotropy param@ler  oq,,.ce temperature, with a similar dependence, indicating a
as a function of electron kinetic energy for the 14 K droplet image. common factor between the two. It is with this temperature

with decreasing source temperatures, similar to what was seerdependence that we will start the discussion.
for helium droplets below IE(HEY This electron signal peaks A. Temperature Dependence of the Intensityln the He
at very low kinetic energy <1 meV), and the width of this  expansion leading to droplet formation, three regimes are
peak is significantly smaller than the bandwidth of the VUV possible: subcritical, critical, and supercritical. Extensive time-
radiation. This feature does not shift in energy with changes in of-flight studies have identified some of the temperatures and
the photon energy, and appears decoupled from the opticalpressures where the transition between regimes oééftg?30
excitation process. Its temperature dependence is similar to, butUsing them as a guide for our experiment, we first note that
not identical with, that of the total image. The intensity rise of our machine is incapable of generating the very large droplets
this feature appears to be offset0.25 K toward higher  (>10° atoms) in the supercritical regini&pecause our source
temperatures, and the ratio of “center intensity” to total intensity cannot reach the requisite temperatures at 60 bar helium backing
increases as the temperature is lowered, indicating that thispressure{10 K). In most experiments on helium droplets, the
feature is growing faster than the total intensity (we somewhat helium droplets are created by condensation in a subcritical
arbitrarily define the center feature as electrons with eKB expansion (regime 1718 In this regime, the droplet size
meV, and will call these electrons “slow” in distinction from  distribution is log-normal; thus a significant number of droplets
the electrons with energies near 0.4 eV, which we call “fast”). are well below the mean size. Also present is a substantial
However, at 12 K, the center feature still represents less thanatomic helium signal from the initial expansion. Under these
2% of the total integrated photoelectron signal at 25 eV. conditions, the size dependence of the cluster beam as a function
Below IE(He), the slow electron feature represents a much of temperature and pressure is well-knot#A? our droplets
larger fraction of the total electron yield, about 20% at 23.8 consist of~1 x 10° atoms at 22 K and-(1—2) x 10* atoms
eV.13 This result largely reflects the absence of the fast peak at 16 K.
from direct ionization at this photon energy. However, the total At lower source temperatures, the isentropes pass near the
integrated intensity of the slow peak also depends on the photonhelium critical point (regime 113/ While many interesting effects
energy. At 14.5 K, the intensity of this feature, as determined occur under these source conditidhg?3! the three most
by integrating the signal with eKE 5 meV, is about a factor ~ important for our experiment are that the atomic helium
of 2 higher at 23.8 eV than at 25 eV. At energies between thesecomponent of the beam appears to decrease, the average droplet
values, the low-energy signal has an additional contribution from size increases sharply, and the overall flux increases dramati-
near-zero-energy electrons produced by direct ionization nearcally.1”-2%2°Examining the pressurgemperature phase diagram
IE(He). Above 25 eV, the slow peak declines gradually but for heliuml? we estimate that, with 60 bar backing pressure,
never disappears entirely. the transition to the critical regime should begin near 16 K,
The angular distributions derived from the atomic helium precisely where we observe the marked transition in the total
image and the 14 K image are shown in Figure 6. The upper electron yield (Figure 4) and the strong changes in the
panel shows the distributions for the entire image. Fitting the photoelectron spectra (Figure 5). The offset in temperature for
distributions using the familiar expression for anisotrépy, the 45 bar data shown in Figure 4 is also consistent with our
1(0) = {(1/4)yr}{1 + BP2(cosh)}, yields = 2.0 for the atomic predictions for the onset of regime Il. The large increase in
beam, as is expected. PhotoelectronsTipr= 14 K have less helium flux as the temperature is loweté& matches the overall
anisotropy, with the overall image giving = 0.7. However, changes in the total integrated electron yield.
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Previous experimenit§2%30 have shown that during the lowering of the ionization energy of a moiety inside the droplet
transition from regime | to regime Il, the cluster size distribution compared to the bare species is then given by the following
bifurcates, split between the original subcritical size distribution equation33-35
and a new distribution with significantly larger droplets and an
exponential forn?? With continuing decreases in source tem- A 1\f1 1
perature, the intensity of the original distribution decreases, with Ae(R) = — %(1 - —)( )
concomitant gains in the intensity of the larger droplet distribu- 0
tion, for which the average droplet size ranges frorh tbQL(Y
atoms2® We believe that this repartitioning of the overall helium » X e -
flux into significantly larger droplets results in the strong e Positive chargee s the effective dielectric constant of the
modifications observed in the photoelectron distributions. The Material, andR is the droplet radius.
two-component distribution is also consistent with the actual e can estimate the spherical holergy= [ /{g(r)/r?} dr] ™,
appearance of the photoelectron spectra, where the fast comthe form suggested for liquid$, with g(r) being the radial
ponent grows to become a well-defined shoulder on the original distribution function for hellurﬁ_? and findro = 2.4 A Using
peak, with an abrupt change in slope between the two at thet_he known Iow.-temperature dielectric consta.nt qf liquid he-
coldest temperatures (see Figure 5). lium,***%eq 1 givesABe ~ —0.16 eV, th? pola_nzayon_en_e_rgy
of a nascent positive hole in liquid heliufnyhich is signifi-
cantly smaller than our observed shift. If we attempt to fit the
much larger shifts seen in our experiment with eq 1, the value
of ro required isro = 0.8 A. While there is some uncertainty in
definingry,3 this value is unreasonably small by any standard,
given that the average Hede distance in liquid He is 3.6 A.
Hence, the polarization continuum model is insufficient to
explain the fast photoelectrons seen from large pure helium
droplets.

This result is not particularly surprising, since there are
profound differences between the system studied by Loginov
et all® and our system. In the doped system, the ionization
energy of the dopant is much lower than that of helium. As a
result, the dopant ionhelium interaction is dominated by
polarization forces, and there are no strong covalent contribu-
tions. In contrast, in the pure helium system, the—iHe"
interaction is very strong, and is dominated by covalent
interactions. The simplest molecular cation,Heor instance,
is bound by over 2 eV94! and could easily account for the

SR (1)

€q

wherery is the effective radius of the spherical hole containing

A bifurcated droplet size distribution also explains the
apparent discrepancy between the intensities in the TOF-MS
in Figure 2, in which the ion fragments associated with droplets
appear to decrease while the integrated photoelectron signal
increases below 16 K. Specifically, while our photoelectron
imaging system efficiently collects all photoelectrons, the TOF-
MS collection efficiency drops off sharply at masses above
~1600 amu owing to the perpendicular extraction geometry.
Frochtenicht et af. performed retarding field measurements of
the cluster ion fragments following photoionization and showed
that, under similar source conditions, the fragmentation process
resulted in cluster ions witN+ > 5 x 10° atoms. As we cannot
effectively detect ions of this size, there is a disparity between
the electron imaging and ion time-of-flight measurements. As
the droplet size gets larger, and the total photoelectron intensity
gets higher, the Heand He™ signal remains nearly constant,
and the smaller cluster ionbl(< 100) decrease strongly. Thus
all the additional electrons below 16 K result from ionization

of large droplets. In such droplets, the ratio of interior to surface LT .
atoms is much higher than for droplets generated in subcritical greatly lowered vertical lonization energy compared to polariza-
tion forces alone. Covalent interactions have been shown to

expansions, so the increased photoelectron yield can be at- . -
! e MEARE O influence the overall energetics of all of the ionic rare gas cluster
tributed specifically to ionization of interior atoms.

) . systemsZ and have indeed been implicated in the photoelectron
Note that in our previous stutfyof pure He droplets below  gecira of other rare gas clusters. Peel and co-wofidéisave
IP(He) we reported the average droplet sizeNasv 10°. examined He d photoelectron spectra from pure rare gas
However, in light of the results discussed above, we carefully ¢ sters (Xe, Kr, and Ar) and found that the shape of the spectra
reevaluated the experimental conditions and temperature deqyid not be interpreted from a polarization model alone. In
pendences of the slow photoelectrons seen in that work andpejr experiments, FranekCondon simulations proved to be
believe the expansion conditions under which slow electron 5 inyvajuable tool in the interpretation and understanding of
signal was optimal corresponded to regime I, with an average thejr photoelectron spectra, and clearly showed the involvement
droplet size considerably larger than*10 of molecular ion cores.

B. Mechanism of Fast Electron Production.Our experi- Based on these considerations, we will attempt to interpret
ments show that the photoionization of large helium droplets our photoelectron spectra within the context of a Franck
gives rise to electrons with kinetic energies greater than those Condon (FC) picture in which vertical ionization accesses the
of the atom. In direct photoemission, the electron’s expected attractive region of a cationic He core, resulting in faster
kinetic energy can be easily determined from the Einstein photoelectrons than in atomic He. We will use the simplest
relation: eKE= hv — IE. For photoionization with 25 eV possible molecular core, K In helium, the overall energetics
photons, the expected eKE for electrons from atomic helium is of the neutral and cationic dimer systems are well-knéhii:45

0.43 eV (25.02- 24.59 eV); for the droplets we detect electrons - For any internuclear separation of two helium atoms, the energy
with energies over 0.9 eV;-0.5 eV greater than the atomic  required for ionization is simply given bY(Nhe, — V()ke,.

photoelectrons. The positional distribution of the atoms, which governs the
In a recent photoelectron imaging study on the multiphoton region of Franck-Condon overlap between the curves, deter-
ionization of aniline within helium droplets, Loginov et &l mines the overall appearance of the obtained spectra. Our

detected electrons with kinetic energies as much as 0.12 eVimplementation of this picture is described in the following
greater than those from bare aniline, and successfully interpretedsection.

the shift in the aniline ionization energy with a simple model. (i) Nearest-Neighbor Distributions and Photoelectron Simula-
The surrounding helium atoms were treated as a homogeneousion. In the usual FC simulations of photoelectron spectra, the
dielectric medium, and the IE shift was a result of instantaneous geometries of the lower and upper states are fixed, and the nature
relaxation of the dielectric during ionization. The expected of the spectrum is determined by displacements along the
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appropriate normal coordinates. Since He droplets are liquid, a a 14
somewhat different approach is needed. For both bulk liquid bk T g N ]
helium and helium droplets, the radial distribution functggr) P m@ [

is known?” and this gives positional information about the atoms ! 0r / N7
in the droplet. If we pick an arbitrary helium atom in the cluster, = 08| ; ]
there will be many other helium atoms nearby, with a distribu- < j /

tion of distances, and the average-Hée distance is-3.6 A. S 061 ]
If we simply compute the energy of ionization for a helium & 04 b
pair with an internuclear spacing of the average hetitmalium

distance, the lowering in ionization energy is negligible, on the 02 ]
order of 10* eV, and clearly cannot explain our recorded 0.0 L L L ]

spectra. However, for the purposes of evaluating the observed o
photoelectron spectra, theverage distance is not the most /A
important. He™ is a strongly bound, covalent system, and the
energetics are extremely sensitive to internuclear distance. In
the first solvation shellpneof the helium atoms is closest, and [
it is likely that it is this atom that will play a dominant role in 0
affecting the energetics. For the remainder of this paper, we -
will call this one helium thenearest neighbgrusing this strict
definition. As the helium droplet is liquid, there is a distribution
of distances for this nearest neighbor, and we will denote this

energy/eV

distribution nn(r). 2r
The radial distribution functiorg(r), is clearly dependent on [
the nearest-neighbor distribution, but the entire nearest-neighbor 3L
distribution cannot be easily extracted fratr), asg(r) is an 0
average ofall the atoms. We do expent(r) to matchg(r) on /A

the leading edge, with the shortest distances, as the nearesI&igure 7. (a) Computed radial distribution functiog(r), and nearest-

neighbor will be the dominant contributor, but we need more neighbor distributionnn(r), for a helium droplet (see text for details).
information. To determinen(r), we performed path integral  (b) Relevant curves for the FranelCondon simulation of the fast

guantum Monte Carlo (PIMC) calculations using the Universal electron signal. The zero of energy is relative to Héde". The He
Path Integral frameworké:47 Our initial calculations for small curve has been shifted up21.6 eV to make it visible on this plot.
(N < 120) clusters showed that, with increasing cluster size
bothg(r) andnn(r) become more sharply peaked toward smaller
r. Forg(r), calculations by Krotscheck and Chin show that this
trend clearly continues, with the large droplets’ radial distribu-
tions quickly converging toward that of the bilkThe largest
clusters in our experiment comprised on the order 6fat6ms,
and it was not computationally feasible to perform an exact
calculation. Instead, to simulate the largest clusters, the calcula:
tions were done with-100 helium atoms in a box, with periodic

boundary conditions (S3 topology). The density was chosen to i gi6electron spectrum. Figure 7b shows a schematic of the
match the experimentally determined average density for the yrcess. The intensity of the resulting spectrum was scaled to
helium droplets near this siZé but calculations with slightly fit the fast portion of the observed spectra (04&KE < 1.1
different densities showed no substantive quantitative differencesev), using a nonlinear-least-squares method, but is otherwise
in nn(r). In using periodic boundary conditions and the average ,nmodified. The comparisons of some representative fits to the
density, we are neglecting the surface of the cluster in our experimental data are shown in Figure 8. The dependence of
simulation. At the surface of the droplet, there is a variation in e it scaling coefficients on temperature matches the temper-
density, with exper!ments indicating a surface thicknessﬂ6 ature dependence of the total integrated image intensity,
A (90-10% density). The neglect of these atoms in our jngicating that the fast photoelectron component is largely
simulation does not change(r) significantly. First, at droplet  responsible for the enhanced integrated signal and strongly
sizes of~10* atoms, the surface atoms make up less than 20% correlated with the production of large droplets. The match

of the total atoms in the droplet; at1atoms, the surface atoms  peyeen the observed spectra and the simulation is good, and

consist of less than 10% of the total atoms. Second, becaused“hough the theoretical work of Gianturco et*af clearly

the helium density drops near the surface, the atoms are morespows that the presence of even a third helium complicates the

widely spaced and they will contribute only to the tail of the jgnic potential energy landscape, the dimer model does quite

nn(r) distribution. Helium pairs, at these longer internuclear el in both the shape of the distribution and the overall

distances, interact very weakly and the system is more “atomic” energetics, and should be considered the dominant factor in the

in nature; as a result, these atoms are unlikely to be responsibl%ynamics of ionization.

for the production of the fastest photoelectrons. Figure 7a shows (i) General ConsiderationsOur results show that, at photon

a portion of the radial distribution functiog(r), and the nearest-  energies above IE(He), the photoelectron spectra are dominated

nEighbor diStribUtionnr(r), that result from our calculations. by fast electrons whose energy spectrum can be approximated
Comparingnn(r) to g(r), we see that the maximum mm(r) by a simple FC picture, indicating that direct ionization is the

occurs at significantly shorter internuclear separatief3,05 primary process of interest. Hence, these fast photoelectrons

A, thang(r), ~ 3.60 A. As expected, the leading edgegt) apparently pass through the droplet and escape without signifi-

'’ matchesn(r). The nominal shortest heliurhelium separation

is ~2.1 A, which is still far greater than the beequilibrium
distance, 1.08 A%41 put is less than or equal to the average
internuclear spacing of vibrational state’s > 17. Because of
the relatively high vibrational state, and the potential of
inhomogeneous broadening from the surrounding heliums, we
treat the possible initial and final states as continua. \Miifn),

‘we can now complete our FranelCondon simulation by
weighting En, — [Ene, () — Ene(r)] by nn(r), and generate a
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regimes above IE(He), regardless of whether bubble formation
or fluorescence are available as parallel channels.

Our observation of fast electrons below the conduction band
likely reflects the finite size of our droplets. Before localization,
the electron must first slow enough to be trapped in the corru-
gated potential of the helium dropRtin a femtosecond multi-
photon ionization study on bulk liquid helium, Benderskii et
al >4 saw evidence of bubble formation and were able to predict
and measure the nominal distance the electron traveled, all the
while undergoing near-elastic collisions, before it localized, and
found it to be on the order of 100 nm. Our electrons have lower
initial kinetic energies, but applying similar arguments, we
estimate the average distance the electrons would travel before
beginning to localize is>40 nm, which is larger than the
nominal radius of our largest droplets. Note that the fast
photoelectrons do show possible evidence for inelastic eleetron
helium scattering, namely the tail toward lower eKE (relative
to atomic helium photoelectrons) and, possibly, the reduction
of anisotropy in the helium droplet photoelectrons compared
with the atomic photoelectrons (see Figure 6). Similar interac-
tions have been noted in experiments on doped dropléts.

C. Slow Electrons in Helium Droplets.In this section, we
consider the properties and mechanistic origins of the very slow
electrons responsible for the sharp central spots in the images
in Figure 3. In contrast to the fast electrons, which bear the
hallmarks of direct photoionization, the electron kinetic energy
distribution of the slow electrons is independent of photon
energy. The shapes of these distributions at 25 eV in Figure 5¢
are very similar to those obtained previously at 23.8 eV (where
no direct ionization was seen), and no significant changes are
seen at photon energies up to 27 eV. This decoupling of the
kinetic energy distribution from the photon energy implies that
Figure 8. Comparisons of the FranelCondon simulation to the  the slow electrons arise from an indirect ionization mechanism
observed spectra for indicated source temperatures. In the plots, theinyolving significant electrorHe interactions. In addition, the

solid Iine_shows the observed droplet spectrum, the qlashed line Showstemperature dependence of the slow electrons shows that they
the FC simulated fast component, and the-ditashed line shows the are strongly correlated with droplet size and, like the fast

atomic helium spectrum. The simulated spectrum is scaled by fitting it . . "
to the fast component (0.48 eKE < 1.1 eV) of the observed spectra, electrons, become prominent when the expansion conditions for

but is otherwise unmodified. the helium change from subcritical to critical. Combined with
the changes in the time-of-flight mass spectra, and hence the
fragment cluster-ion mass distribution, the appearance of the

intensity

154
=N

intensity
o
>

0.2

4
=)

cant slowing. We noticed no obvious change in the either the
overall intensity or the photoelectron distribution as we scanned ) . X
the excitation energy from IE(He) to a few eV above the sIO\_/v electrons is clearly correlated with production of the largest
conduction band (1.1 eV above the vacuum level) in liquid helium droplets.
helium. These results are of interest given that electrons injected In our earlier work below IE(He}? we proposed that the slow
into in bulk ||qu|d He at energiegl_l eV rap|d|y localize to phOtoeleCtronS resulted from a Complex, indirect mechanism
form a “bubble” state, in which the electron is “thermalized” involving (a) excitation of a Rydberg state of #ewithin the
with the surrounding He aton?49-52 The bubble radius is 17 droplet that autoionizes to form kKieor a larger cationic core,
A, and the ground state of the electron within the bubble lies and (b) “thermalization” of the resulting electron via electron
about 0.1 eV above the vacuum level. The fast photoelectronsHe interactions prior to its leaving the droplet. The importance
are clearly escaping the droplet without becoming trapped in a ©f Rydberg-like excitations in He droplets below IE(He) has
bubble, regardless of whether the photon energy lies below orbeen established in the fluorescence excitation spectra’igriMo
above the bulk conduction band. and co-worker$355and the role of molecular autoionizing states
This result is of interest in light of studies by Mer and was first suggested by Fehtenicht et af.to explain the onset
co-worker§? of the fluorescence excitation spectrum of He Of photoionization below IE(He). The idea of electron thermal-
droplets. Although this spectrum shows a large drop at IE(He), ization was motivated by the observation that much of the eKE
it clearly extends beyond IE(He). Here, the signal decays distribution below IE(He) could be fit using the functional form
gradually, to near zero by 25.7 eV, i.e., at the expected onsetfor thermionic emission from a very cold clustér ¢ 6 K).
of the conduction band in He droplets. They suggested that We first consider whether the excitation process leading to
fluorescence above IE(He) arises from recombination of a slow electrons differs above and below IE(He). As discussed
trapped electron with the positive hole created by ionization, in Section 3, the slow electron signal just above IE(He) at 25
and that the cutoff above 25.7 eV is from injection of the eV is about a factor of 2 less than at 23.8 eV. The significance
electron into the conduction band and its subsequent escape fronmof this drop is not entirely clear, although we note that a similar
the droplet, eliminating the possibility of recombination. Our drop is seen in the fluorescence excitation spectfush He
results, however, show that electron production by direct droplets. It is possible, for example, that the Rydberg autoion-
ionization is the dominant electron emission process in all energy ization mechanism proposed below IE(He) is no longer operative



Photoionization Dynamics in Pure Helium Droplets J. Phys. Chem. A, Vol. 111, No. 31, 2007457

by 25 eV, and that the slow electron signal results instead from at the surface of bulk liquid He by Ancilotto and Toi§b%®

the small fraction of electrons produced by direct ionization of The observation that slow electrons occur only from large
He atoms that is unable to escape easily from the droplet, in droplets is consistent with bubble formation; in smaller droplets,
contrast to the vast majority of electrons that leave relatively electrons can more easily escape without being trapped. One
unperturbed. Regardless of how these electrons are initially problem with the bubble picture is that there is a barrier at the
formed, there must be significant electreide interactions for surface of the droplet with respect to electron escape, and such
them to be so slow. The rest of the discussion is focused on thea barrier might be expected to result in an electron kinetic energy
nature of these interactions, expanding on some of the conceptdistribution peaking further away from zero than is seen
outlined in our earlier work. experimentally. On the other hand, the presence of the positive

Collisions between electrons and He atoms are an inefficient charge may significantly reduce the barrier height or mitigate
means for electrons to lose energy, owing to the large massits effects.
ratio between the collision partners. Electron thermalization is  Surface-bound states may be considerably more favored in
greatly facilitated if the excess electron is trapped by the droplet our experiments than for negatively charged droplets. Calcula-
for any length of time. Possible mechanisms for this trapping tions by Sekatski? predicted the existence of novel Rydberg
are suggested by previous experimental and theoretical workstates for neutral He droplets bigger tha#0 A in diameter
on electrons in bulk He and in negatively charged droplets. In (N = 7 x 10?), with the electron bound outside the droplet to
the bulk, electrons can reside either inside the liquid, in a bubble the positively charged ion core. The induced dipole interaction
state27:5056-59 or on the liquid helium surface, bound by the between the cation and the surrounding heliums favors a
electron’s image potentié?-%2 Experimental studies of the centrally located ion core, and the conduction band of the droplet
temperature dependence of the mobility of electrons inside liquid limits the tunnel penetration depth of the electron wave function
helium have shown that the electron bubble encounters a smallinto the droplet to<3.4 A, effectively preventing the electron,
barrier, ~40 K, near the liquig-vapor interface that hinders  which is trapped by the Coulomb potential, from recombining
the electron’s escaé.The stability of a bubble state near the with the ion core. The possible existence of these states leads
liguid helium interface has been studied in a series of density to an intriguing alternate mechanism for slow electron produc-
functional calculations by Ancilotto and Toigé% They tion, namely vibrational autoionization involving conversion of
calculated a barrier to escape o88 K, in good agreement  the very low frequency internal modes of the cationic core into
with experiment$3 The bubble was found to be “mechanically ~electronic energy.
unstable” with respect to rupturing, with subsequent escape of The internal energy needed for vibrational autoionization
the electron, at surfaces distances of less than 23 A. Thecould easily result from the disruptive effects associated with
instability is partly caused by the change in density at the formation of the positive ion core. In most systems, and certainly
surface; the surface tension of the spherical bubble cavity in pure helium droplets, the interaction between the initial ion
depends strongly on the densityl{*), and the decrease in  and the surrounding helium atoms is much stronger than the
density near the surface leads to a decrease in the total energyieutral interactions. This leads to rearrangement and droplet
of the system as the electron is ejected. restructuring around the ion core, and evolves heat. For doped

In studies of electron attachment to neutral helium clusters, droplets, numerous studies demonstrate effective heat transfer
yielding a negatively charged droplet, it was found that the to the droplet, with experiments on doped helium droplets

minimum size required for stable electron capture Was 7.5 showing rapid cooling of the nascent idh$:”475n pure helium

x 10% no signal was seen from smaller clust&¥& A helium droplet systems, He is either formed directly, or very quickly,
droplet with an excess electron can, in principle, support both and has significant vibrational energy-Z eV). Theoretical
surface and interior electron stafé$2:58.61.6769 However, predictions indicate that vibrational relaxation is very fast, and

lifetime measurements by the groups of Northby and Toennies should be comparable to the formation time of an electron
seemed to preclude surface stf@@the calculated binding ~ bubble?”7677The energy released in this process will heat the
energy of an excess electron to the surface of even a very largecluster and can result in ejection of the weakly bound Rydberg
helium droplet was too weak. Calculations by Rosenblit and €lectron, analogous to thermionic emission seen in much hotter
Jortner also predicted that the first bound surface state would clusters’®-8°
require a droplet withN > 3.0 x 10°%167 |arger than the The idea of slow electrons arising from autoionizing surface
minimum size detected in experiments. The electrons were thusstates has considerable appeal, but must be considered in light
postulated to be in the bubble states, and subsequent measuref other effects. First, there is the issue of how surface states
ments of the difference in detachment of electrons from droplets would be formed via photoexcitation. The correlation of the
of He and*He appeared to confirm the electron’s location as slow electron signal with large droplets suggests that it results
inside the droplet! The minimum droplet size seen supporting from excitation of interior He atoms, not surface atoms. Since
the bubble state\ = 7.5 x 10%, is still significantly larger than the outer electron has very little overlap with the droplet interior,
the minimum size clusteN ~ 5 x 1, predicted theoretically ~ these states cannot be accessed from direct excitation of the
to support an electron bubble in the absence of dynamic effectscluster, but instead rely on some means of transporting the
(tunneling escape, etc’3. electron from the interior to the surface of the cluster. In this
In our experiment, production of a photoelectron is ac- sense, the “bubble” and “surface” pictures are not mutually
companied by cation production, leading to a rather different exclusive. Electrons with high kinetic energies can simply escape
physical situation than in a negatively charged droplet. Thus, the Coulomb potential, so it may be that initial bubble formation
for example, if an electron bubble were formed, it would have is needed to effectively transport an electron to the surface of
a nonnegligible interaction with the cationic cluster core, the cluster, where it can couple to a surface-bound Rydberg
resulting in an exciton-like state whose properties have thus state (recall that the electron wave function for the surface state
far not been considered theoretically. The slow photoelectrons penetrates-3 A into the drople®).
could result from the bubble “bursting” when it approaches the A second point of interest is that the energy realized upon
surface of the droplet, similar to the process studied theoretically formation of a cationic core can not only eject an electron, but
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